ABSTLACr Ihe kinetics of hepatic uptake and degradation of sphingomyelin/cholesterol (2:1, M/M) small unilamellar liposomes were investigated in a BALB/c mouse. The tissue distribution of liposomes was determined by scintillation spectrometry. The percentage of intact liposomes in tissues was estimated by the technique of 7-ray perturbed angular correlation. A kinetic model was developed to analyze the above daita.
The potential applications of liposomes as carriers for pharmacological agents has been increasingly recognized (1) (2) (3) (4) (5) (6) . However, before liposomes can be used therapeutically in humans, more must be known about the fate of the carrier liposomes in vivo. To achieve this goal, the kinetics of the uptake and degradation of liposomes in tissues are among the most important properties to be characterized. Recent studies (7, 8) suggest that it is possible to determine the percentage of intact liposomes remaining in circulation, in tissues, or even in a living organism by the technique of 7-ray perturbed angular correlation (PAC).
The PAC technique provides information on the tumbling rate of "'1In by measuring the angular correlation of the two successive 7 rays emitted from 111In. The PAC spectrometer provides a parameter, called the time-integrated perturbation factor or' (G(22o)), which has a value ranging from 0 to 1.0. A fast tumbling rate of "111n is characterized by a high (G22(oo)) value close to 1, whereas a slow tumbling rate of "'1In is characterized by a low (G22(oo)) value close to zero. By use of PAC to study the breakdown of liposomes, a small rapidly tumbling complex, lllIn3+-nitrilotriacetic acid, is encapsulated in liposomes. Upon the breakdown of the liposomes, the lllIn3+ is released. It rapidly binds to a macromolecule in the surrounding solution and consequently shows a decreased tumbling rate (7) . Thus, from the measurement of the change in the tumbling rate or the (G22(co)) of the encapsulated 11In3+ it is possible to determine whether the liposomes taken up by tissues are still intact.
It appears that by combining the data of the structural integrity of liposomes in tissues with the distribution in various organs, the rate constants involved in hepatic uptake and degradation of liposomes may be determined by the approach of least-squares analysis, with an appropriate model. The present study describes the application of a three-compartment model to determine the kinetics of the uptake and degradation of unilamellar liposomes in the liver, assuming first-order kinetics for all rate processes.
MATERIALS AND METHODS
, and cholesterol (CH) were purchased from Sigma. The trisodium salt of nitrilotriacetic acid was obtained from Aldrich. All buffers and solutions were prepared with sterile, deionized water purified with the Milli-Q Reagent Grade Water System (Millipore). Carrier-free indium-ill chloride, obtained from Medi + Physics (Emeryville, CA), was purified on an anion-exchange column by a slight modification of a described method (7) . Briefly, the indium-Ill chloride was acidified to 2 M HC1 and applied to an AG1-X8 (Bio-Rad) column that had been equilibrated with 2 M HC1. (7) . A preparation of unilamellar liposomes of homogeneous size was isolated by centrifugation at 180,000 X g for 1 hr (9). Nonencapsulated nitrilotriacetic acid chelate was separated by passage over a Sephadex G-50 column equilibrated in 0.9% NaCl/5 mM acetate, pH 5.5. To encapsulate indium-111 ions, lllIn3+ was delivered to the encapsulated nitrilotriacetic acid chelate by means of a mobile ionophore, 8-hydroxyquinoline (oxine). The lipid-soluble lllIn3+-oxine was prepared as reported (10) . The details of this procedure will be described elsewhere. Briefly, 25 Blood Background Correction. About 1 ml of fresh mouse blood was collected in 0.1 ml of 114 mM citrate (pH 4.8).-The erythrocytes were washed with 0.9% NaCl/5 mM sodium phosphate, pH 7.4 (Pi/NaCl) by centrifugation at 1000 X g for 10 min at 4VC three times to remove the citrated plasma and buffy coat. The washed cells were incubated with 25 gl of lllIn3+-oxine in ethanol for 1 hr at room temperature (11) . The labeled erythrocytes were washed four times with Pi/NaCl and resuspended in the original citrated mouse plasma. The labeled erythrocytes were administered to mice via the tail vein. After 10 min, the mice were killed by cervical dislocation and immediate decapitation. The various organs and tissues of each mouse were isolated, rinsed with saline, blotted, and weighed; radioactivity was measured in a 7 counter (Packard). The blood volume expressed as a percentage of the body weight was determined from the total administered activity and the specific activity of the sampled blood. A blood background correction factor was calculated for each organ or tissue and expressed as a ratio of radioactivity of the indium-ill-labeled erythrocytes in the organ or tissue to the total radioactivity in the blood. In all tissue distribution studies, the radioactivity due to the blood background in each sample was subtracted.
In Vivo Studies. BALB/c mice (20-25 g) were weighed and given approximately 30-100,Ci of "'1In3+-nitrilotriacetic acid encapsulated in 0.8-2.4 mg of SM/CH liposomes in a volume of 100-300p,l via the tail vein. The mice were killed at various times. The excised liver was placed in modified Ringer's solution (12) supplemented with 20% (vol/vol) rabbit serum, 100 units of penicillin per ml, and 100,ug of streptomycin per ml, and coincidence counts were determined immediately in the PAC spectrometer at room temperature (7) . For investigation of the hepatic degradation of liposomes in vitro, the coincidence counts of "'1In in the liver removed from an animal killed 15 min after injection were measured in a sample holder at 370C over a period of 20 hr. The remaining body parts were isolated and the radioactivity was measured.
KINETIC ANALYSIS
The uptake and degradation of the SM/CH unilamellar liposomes in tissues were analyzed by means of a kinetic model. For simplicity, the body is subdivided into three major compartments: blood, liver, and other organs.
The basic assumption of the analysis is that all rate processes involved are first order. Excretion is not considered in the present model because the renal and fecal excretion of radioactivity is negligible (about 0.5% of the injected dose in a 23-hr period). The amount of intact liposomes, expressed as the percentage of administered dose in the blood and in the liver, is denoted by A(B) and A(L), respectively. The amount of radioactivity released from the degraded liposomes to the circulating blood andthe liver is represented by D(B) and D(L), respectively. The hepatic uptake of intact liposomes from the blood is described by a rate constant ki, whereas intact liposomes in the liver may return to the blood stream with a rate constant of k-1. Radioactivity released from the degraded liposomes in the liver may return to the circulating blood with a rate constant of ks. The uptake of intact liposomes and the uptake of the radioactivity released from degraded liposomes by other tissues and organs are denoted by rate constants of k4 and k5, respectively. The degradation of liposomes in the liver and in the blood is designated by rate constants of k2 and k6, respectively. Based upon the model, the rate equations for the four observed parameters of the radioactivity of intact and degraded liposomes in the circulating blood and liver are shown below.
The solutions at any time t were obtained by means of the IMSL (International Mathematical and Statistical Library) subroutine, DVERK, which uses a Runge-Kutta method based on Vernier fifth-and sixth-order pairs of formulas (13) . From these solutions, the total amounts of radioactivity in the blood and in the liver and the time-integrated perturbation factor of the excised liver samples could be calculated. In calculating the (G22(o)) values, the following equation (7) was used:
(G22(oo))t = Xt (G22(x0))intact + (1 -Xt)(G22(00))degraded, [1] in which Xt represents the percentage of intact vesicles in the liver at the time t after injection. The (G22(o)) values, 0.59 and 0.12, corresponding to intact and completely disrupted vesicles, respectively, were used. These theoretical results were compared with the corresponding experimentally measured data at various times after injection. Because vesicles remained intact in the circulating blood for at least 24 hr, the rate constant for liposomal degradation in the blood, k6, was set at zero and was not varied. The other rate constants were then varied systematically until the sum of the squares of the deviation between the corresponding experimental and theoretical values was minimized. The instantaneous hepatic degradation rate of liposomes was evaluated by means of the final set of rate constants determined by the above least-squares fitting program with no weighting function. To determine the in vitro hepatic degradation rate of liposomes in the excised liver sample at 370C, we assumed the same kinetic model, whereas only the experimental PAC data were used in the fitting analysis. All computations were performed by means of the CDC 6400 computer system, maintained by the Academic Computer Center of the University of Washington.
RESULTS
Blood Background Correction Factors. Blood background correction factors for various organs and tissues, expressed as percentages ± SD of total radioactivity in the blood, are presented in Table 1 . The blood volume was 8.0 ± 0.1% of the total body weight. This value agrees closely with previously reported values (14, 15). As illustrated in Table 1 , a significant amount Table 2 . The (G2(o)) value of the blood samples was 0.59 + 0.02 regardless of when the mice were killed. This indicated that all the radioactivity observed in the blood samples was from intact liposomes. About 30% of the administered liposomes were cleared from the blood within 15 min after administration of liposomes. However, more than 50% of the administered liposomes still remained in the circulation 12 hr after injection. As calculated from the data in Fig. 2 by least- Fig. 1 . The rate of degradation of liposomes in liver decreases as the temperature decreases. This may imply that the degradation is an enzymatic process. The kinetic analysis of the rate of the release of 11'In3+ from liposomes in the liver at 37°C (Fig. 1) suggests that hepatic degradation of liposomes follows firstorder kinetics with a half-life of 3.5 + 0.2 hr (Table 3) .
In Vivo Hepatic Degradation. Based upon the model described above and the least-squares kinetic analysis, the rate constants of the various processes of uptake and degradation of liposomes are shown in Table 3 . To ensure that the global minimum was found, more than one set of initial guesses of the rate constants were used to check that a better fit had not been overlooked. It was found that the rate constants could vary as much as ±10%, depending on the initial conditions used to solve the system of differential equations. The best fit was obtained Table 3 . By using the rate constants in Table 3 it was possible to predict the total amount of radioactivity from intact and degraded liposomes present in the blood (Fig. 2) and in the liver (Fig. 3) and the (G220()) values of the liver (Fig. 4) . Excellent agreement between the predicted values and the experimental observations is apparent. It appears that the in vivo degradation of liposomes in the liver obeys the first-order kinetics as well. The half-life of the in vivo hepatic degradation of liposomes was 3.6 :1: 0.4 hr. This is almost identical to the results obtained from in vitro measurements of an isolated liver. The instantaneous hepatic degradation rate of liposomes at various times after administration (Fig. 5) was calculated from the rate constants in Table 3 . This is an extremely important parameter because it is related to the amount of the encapsulated agent available in the liver for pharmacological action at any time after injection. Our results indicated that the degradation rate of SM/CH small unilamellar liposomes is maximal 8 hr after injection. DISCUSSION We have demonstrated that important kinetic parameters of liposome degradation can be determined from a combination of PAC measurements and time-dependent tissue distribution data. The mathematical model used to fit the experimental data is very general and can be applied to the study of liposome degradation in any organs or tissues. The apparent good fit between the experimental data and the theoretically calculated values suggests that the present model is sufficient to describe the dynamics of the in vivo degradation of liposomes in mouse liver. Conceivably, the approach described above will be useful for investigating factors that control the release of pharmacologically active agents in tissues.
The recent exciting results on the dramatically improved efficacy of liposome-encapsulated antimonials in the chemotherapy of leishmaniasis (4-6) strongly suggest that liposomeentrapped drugs will be useful in the therapy of other intracellular parasitic diseases, such as Chagas disease (16) , in which the causative agent is Trypanosoma cruzi. In using drug carriers as a means of chemotherapy of intracellular parasitic diseases, one of the most important factors is the bioavailability of the encapsulated drug. Presumably, only the released drugs will be effective. Thus, the present investigation of the kinetics of the cellular degradation of liposomes could provide a rational Table 3. means of refining the conjectural approach to therapy, in which the response is contingent upon the dose and toxicity of the drugs and liposomes (17) .
Zierenberg and Betzing (18) studied the hepatic uptake of labeled phospholipids in liposomes and found that the hepatic uptake rate constant for polyenyl phosphatidylcholine liposomes after intramuscular administration into rats was 0.1 4 0.02 hr'1, which is about 5 times faster than the hepatic uptake rate of SM/CH liposomes (Table 3) . It was also noted that both k3 and k5 are zero. The implication is that the released radioactivity remained within the liver and did not reenter the bloodstream presumably due to the rapid binding of released indium ion to macromolecules in the liver.
The apparent first-order rate constant, k2, for hepatic degradation of liposomes is, in fact, the sum of several rate constants. The breakdown of liposomes by cells involves a variety of mechanisms, such as phagocytosis, fusion, lipid exchange, and absorption (19) . Isolation of individual processes in vvo is probably difficult. Further experiments will be needed to determine whether these rate constants can be determined under in vitro conditions, permitting a quantitative estimation of the relative contributions of these mechanisms to in vivo hepatic degradation of liposomes.
The remarkable similarity between the half-lives of the hepatic degradation of liposomes in vitro and in vivo was unex- 4 hr after injection. Deshmukh et al. (27) found that liposomes composed of the dialkyl analogue of phosphatidylcholine and cholesterol, which are presumably semiresistant to catabolic enzymes, can prolong the clearance rate in mice of encapsulated maltose. However, about 40% of the initial level of liposomes in blood remained in 60 min. In our study, more than 90% of the initial amount of intact SM/CH liposomes remained in circulation 1 hr after injection. The long life time of SM/CH liposomes in circulation makes this system an ideal candidate for further investigation, especially in the area of in vivo targeting. One of the most interesting findings of the present investigation is that SM/CH small unilamellar liposomes remained intact throughout the time of our study (at least 23 hr). This means that SM/CH unilamellar liposomes in the circulating blood are not affected by phagocytic leukocytes (21) , by interaction with serum proteins (22) , or by complement-mediated lysis (23, 24) . The blood clearance half-life of about 16 (25) reported that the plasma level of unilamellar bovine phosphatidylcholine/CH vesicles followed a simple exponential decay with a half-life of about 80 min. By using the relatively impermeant methotrexate, Kimelberg (26) showed that about 50% of the injected dose of methotrexate encapsulated in egg phosphatidylcholine/CH (59:41, M/M) unilamellar liposomes remained in the circulation of monkeys
